Genes for height have gained interest for decades, but only recently have candidate genes started to be identified. We have performed linkage analysis and genome-wide association for height in approximately 4000 individuals from five European populations. A total of five chromosomal regions showed suggestive linkage and in one of these regions, two SNPs (rs849140 and rs1635852) were associated with height (nominal P = 7.0 3 10 28 and P = 9.6 3 10 27 , respectively). In total, five SNPs across the genome showed an association with height that reached the threshold of genome-wide significance (nominal P < 1.6 3 10
INTRODUCTION
The genetic architecture of anthropometric measures is largely unknown. Height displays a very high heritability, indicating a strong contribution of genetic factors to its normal variation, but progress in identifying these factors has been relatively slow. During the last year, a number of genes or chromosomal regions have been identified that are associated with height (1 -5) . The large sample sizes needed and the low overlap between studies in terms of the regions identified indicate a complex inheritance pattern with many contributing gene variants of small effect, which explain a relatively low fraction of the variance in body height.
One approach to increase the power of linkage and association analyses is to focus on populations with an increased level of linkage disequilibrium (LD) and reduced diversity. LD mapping has been suggested to be more efficient in populations with increased LD, and a smaller sample size will be required using this approach to achieve the same power as in general population studies (6) . Recent findings have demonstrated that studies of isolated populations also benefit from a reduction in environmental heterogeneity (7) , which, in combination with lower genetic variability, may further increase the power to detect genomic regions affecting a complex trait compared with that of similar studies undertaken in general populations.
We have performed linkage and genome-wide association (GWA) analyses for height in four (linkage) or five (association) geographically and environmentally distinct European populations (Fig. 1) . Data for linkage studies were available from populations of northern Swedish villages (Sweden), Alpine settlements in South Tyrol (Italy), the Vis island in the Adriatic Sea (Croatia) and a Dutch village (Netherlands), from now on referred to as the Swedish, South Tyrolean, Croatian and Dutch populations. GWA data were available for these four populations and a fifth additional population from the Orkney Islands (Scotland), subsequently referred to as the Scottish population.
RESULTS

Trait distribution and heritability
The distribution of height was similar in the different populations (Table 1 ). The highest average height (176 and 161.4 cm for males and females, respectively) was seen in the Croatian population and the lowest average height (173.1 and 160.6 cm for males and females, respectively) in the South Tyrolean population. The heritability was high and highly significant in all populations analyzed separately or jointly, and when stratified by gender ( Table 2 ). The heritability, estimated in the linkage analysis, varied from 0.79 for the South Tyrolean population to 1 for the Swedish population and was higher when estimated for males and females separately. In contrast, the heritability based on the joint analysis of the five populations was similar to the average heritability estimated for the populations separately.
Linkage analysis
Linkage data were available from four of the populations. A total of five chromosomal regions reached the threshold of suggestive linkage (Table 3 ). For three of these regions, the highest LOD score was obtained in the joint analysis either for males and females together or separately, even though one population was the major contributor to the LOD score (Fig. 2) . In the remaining two linkage regions (Table 3) , the overall LOD score was mainly due to strong effects in one of the populations.
Association mapping in linkage regions
We next investigated the association between SNPs and the trait in the linkage regions. The five linkage regions were large and included between 887 and 3176 SNPs each, with a total of 9852 examined. Only in the region on chromosome 7 did any of the SNPs show evidence of association with height in the meta-analysis (Table 3) . In this region, two neighboring SNPs (rs849140 and rs1635852) were associated with height (P , 0.05 after Bonferroni correction for 9852 SNPs tested). Both these SNPs are located within the JAZF1 gene.
Genome-wide association
The meta-analysis of the GWA data from the five populations identified five SNPs that reached the threshold of genomewide significance (P , 0.05) after Bonferroni correction for the number of SNPs tested: rs12106790 (nominal P = 3.8 Â 10 28 ), rs11205415 (nominal P = 6.7 Â 10
28
), rs849140 (nominal P = 7.0 Â 10
), rs1772810 (nominal P = 1.0 Â 10 27 ) and rs17051743 (nominal P = 1.6 Â 10
27
). None of these SNPs was associated (nominal P , 0.05) in all five populations, and the strongest signal was in four of the cases obtained for males separately and in one case for females (Supplementary Material, Table S2 ). One SNP was associated in four of the populations, two SNPs were associated in three populations and two SNPs were associated in two populations. All five SNPs associated with height were located within or in proximity (,40 kb upstream) to a known gene, and one of the SNPs (rs849140) was located within the JAZF1, and 25 when the African American populations were also included (n = 32 225). This SNP is located 5709 bp downstream of the SNP showing the strongest association with height in our data set (rs849140) and was detected as a candidate SNP within one of our linkage regions (Fig. 3) . Both rs1635852 and rs849140 are located in the last intron of the JAZ1F gene and are in strong LD (r 2 = 0.61, 0.60, 0.75, 0.59 and 0.47 in the Croatian, Dutch, Scottish, South Tyrolean and Swedish populations, respectively).
We further investigated our six top-ranked SNP-height associations in 1268 individuals (494 cases with colorectal cancer and 774 healthy controls) of Scottish descent and recruited from the general Scottish population for the COGS (COlorectal Cancer Genetics Susceptibility) Study (8, 9) . One (rs849140) of the SNPs within JAZ1F was associated (nominal P = 0.03) with height in this study. Finally, we used data from the Rotterdam Study (n = 5746), a populationbased follow-up Dutch cohort (10) . In this cohort, both rs1635852 and rs849140 were associated with height (P = 0.003 and P = 0.001, respectively). In all the 11 populations of European descent [five from European Special Population Network (EUROSPAN), four from Gudbjartsson et al., one from the Rotterdam Study and one from the COGS], for which the information on effect sizes was available, the effect was in the same direction (Table 4) , and the overall meta P-values including all available populations were estimated to be 9.4 Â 10 210 and 5.3 Â 10 28 for rs1635852 and rs849140, respectively.
Replication of recent findings in our data set
We also tested the findings of three recently published meta-analyses (1,2,4) in our data set. A total of 61 SNPs were significantly associated with height in the three studies, 33 of which could be evaluated in our study (Supplementary Material, Table S3 ). Eighteen of these 33 SNPs (located in 27 different regions) showed an association (P , 0.05) with height in our sample. Two of these SNPs were strongly associated (P , 0.05 after correcting for 33 SNPs tested) with height in our sample; rs6854783 (P = 4.26 Â 10
25
) located in the HHIP region and rs8756 (P = 4.4 Â 10
24
) located in the HMGA2 gene.
DISCUSSION
We have performed joint linkage and association under the linkage peaks, along with GWA analyses in a set of diverse European populations. These populations were selected because prior genealogical information and/or previous molecular studies indicated that they have increased LD and decreased genetic diversity compared with general populations. The linkage analysis results showed little overlap between the four populations. Most of the regions with suggestive linkage were identified in the joint analysis, but in the majority of cases, the dominant contribution to the LOD score came from a single population. This is expected, since linkage is most powerful to detect rare alleles which have large effects on the trait and which are more likely to vary across populations. Of the five linkage regions, only the one on chromosome 7 also showed evidence for association. This low overlap might reflect the different power of linkage and association methods in detecting rare alleles with large effect versus common variants with small effects and implies that the specific variants underlying the linkage signal might not be those responsible for the association findings. However, we cannot exclude the possibility that some of the regions identified in the linkage analysis represent false positives. Combining linkage and association analysis allowed us to identify one additional SNP influencing height compared with performing association analysis alone, but the fact that the chromosome 7 region was identified both by linkage and GWA is interesting and might also reflect multiple polymorphisms with different frequencies. The overlap between the genome-wide findings in the five populations was also modest. The statistically most significant association in each of the populations showed very little overlap across populations. Similarly, about half of SNPs recently reported to be associated with height (Supplementary Material, Table S3 ) showed an association (P , 0.05) in our data set (1, 2, 4) . This is higher than expected by chance, but the significant association with height remained only for two of these SNPs after correcting for the number of SNPs tested (33 SNPs).
In conclusion, we have identified novel common variants associated with normal variation in height in a study of 3925 individuals from five diverse European populations. This is one of the first studies of common variants for human height performed on family-based population samples across Europe. In total, we identified two SNPs associated to variation in height, which also replicates in up to six different populations. The SNP (rs849140) showing the strongest association with height replicated in 1268 unrelated individuals of Scottish ancestry and (n = 5746) of Dutch descent. A nearby SNP The best association is to rs849140, which is located in the JAZF1 gene. This SNP also showed an association was also present in the 5746 individuals of Dutch descent. Interestingly, the effect sizes were quite similar across populations ranging from 0.18 cm for rs1635852 in the South Tyrolean population to 0.57 cm for rs849140 in the Scottish population from the COGS study. The two SNPs, rs1635852 and rs849140, are both located in the chromosome 7 linkage region (Fig. 3) and are in LD with each other. Both SNPs are located in the first intron of the JAZF1 gene. JAZF1 has recently been associated with type 2 diabetes (11), prostate cancer (12) and endometrial cancer (13) . JAZF1, also known as TIP27, encodes a transcriptional repressor of NR2C2, also known as TAK1 or TR4 (14) . Mice deficient in NR2C2 show low IGF1 serum concentrations and perinatal and early postnatal hypoglycemia, as well as growth retardation (15) . As a transcriptional repressor of a gene that causes growth retardation in mice, JAZF1 is a good candidate also to affect variation in human height. JAZF1 has a key function in the metabolism of growth, and our results show that it has a consistent pattern of association to variation in height across 11 populations. This makes JAZF1 one of the best candidate genes, identified so far, influencing the variation in human height.
MATERIALS AND METHODS
Subjects
The five populations used for the initial analysis are all part of the EUROSPAN (European Special Population Network) project, the aims of which are to study the genetic and environmental determinants of quantitative phenotypes of clinical importance. The Swedish samples are part of the Northern Swedish Population Health Study (NSPHS). Samples for the linkage analysis were collected from the southern part of the Swedish mountain region (County of Västerbotten) and samples for the association analysis from the northern part of the Swedish mountain region (County of Norrbotten, Parish of Karesuando) (Fig. 1) . There is no overlap between the individuals in the Swedish linkage and association cohorts. Samples from South Tyrol were collected as part of an extended genetic study (MICROS) from settlements in Venosta Valley. The Dutch samples were collected within the ERF study, which is a family-based study that includes 3000 inhabitants of a genetically isolated community in the south-western area of the Netherlands (16) . The Croatian samples were from the villages of Vis and Komiza on the Dalmatian island of Vis. The Orkney Complex Disease Study (ORCADES) is an ongoing family-based genetic epidemiology collection in the isolated Scottish archipelago of Orkney. More information about each EUROSPAN study population can be found in Supplementary Material. Two additional populations were used to replicate the initial findings. The COGS study in Scotland is a national populationbased case -control study of colorectal cancer occurring in individuals aged 55 years and under presenting to Scottish hospitals (8, 9) . From the COGS study, 1268 individuals were genotyped for the SNPs of interest. The Rotterdam Table 4 . Sex-and age-adjusted effect sizes (standard error) in centimeters for the two SNPs in the JAZF1 gene associated to height Effect sizes and standard errors were converted from percentages of standard deviations and z-scores into cm by setting the standard deviation to 7 cm.
Human
Study (10) is a prospective cohort study that started in 1990 in Ommoord, a suburb of Rotterdam, among 10 994 men and women aged 55 years and over. Height measurements used in this study were obtained at baseline between 1990 and 1993. For this study, we used data on 5746 participants for whom genotypic and height data were available (10, 17) . Genome-wide association. DNA samples (n = 4200) were genotyped according to the manufacturer's instructions on using Illumina's HumanHap300 Genotyping BeadChip. Analysis of the raw data was done using the BeadStudio software with the recommended parameters for the Infinium assay and using the genotype cluster files provided by Illumina. Samples with a call rate ,97%, identical twins and genetic outliers (identified by classical multidimensional scaling) were excluded from the analysis, resulting in a total of n = 3925 (790 Dutch, 656 Swedish, 1079 South Tyrolean, 709 Croatian and 695 Scottish) samples for the downstream analysis. Multidimensional scaling was also used to test for population stratifications. The Dutch, South Tyrolean and Croatian individuals in the association cohorts overlap partly with those in the linkage cohorts. In the initial QC, most SNPs were included in the primary analysis, independent of allele frequencies and with a call rate .90%, with the exception or SNPs deviating strongly form Hardy -Weinberg equilibrium (P , 1.0 Â 10 210 ), resulting in 317465, 318049, 318235, 318236, 318237 in the Croatian, Dutch, Scottish, Swedish and South Tyrolean populations, respectively. QC summary for all SNPs discussed throughout this manuscript is included in Supplementary Material, Table S1 . SNPs tested for replication in the Rotterdam Study were genotyped using Infinium II HumanHap550 V.3 BeadChips according to the manufacturer's protocol (Illumina Inc., San Diego, CA, USA).
Genotyping
Statistical analyses
The trait (height) was rank-transformed to be normally distributed with average (=0) and standard deviation (=1) for each population and gender separately. Heritabilities and evidence for linkage were estimated using SOLAR (21) .
Linkage analysis. Multipoint-identical-by-descent (MIBD) matrixes were calculated for each population separately using LOKI or Merlin software (22, 23) , using the deCODE genetic map as a reference. MIBD matrixes of different populations were merged and imported into SOLAR (21) , which was used to perform the linkage analysis. Analyses were performed independently for each population and on the combined data, for males and females separately and both sexes together. The threshold for suggestive linkage was set to 2.69 when analyzing the populations/subgroups (Swedish, South Tyrolean, Croatian, Dutch, Females and Males) separately. This is based on correcting the P-value for six independent tests. LOD variates are additive, so we adjusted the threshold for suggestive linkage to 3.47 by compensating for four degrees of freedom when combining the LOD scores from the four populations.
GWA analysis and meta-analysis
GWA analyses were performed using the GenABEL R library (24 -26) for each population, both combining the genders and analyzing them separately. Genomic control (27) 
For each population, standard errors of the estimates were corrected using genomic control procedure to account for relatedness. The P-value for the meta-analysis was assessed using x 2 statistics. Only populations that contributed to the association were included. The genome-wide threshold for significance (P = 0.05) after using the Bonferroni approach to correct for multiple testing (318237 SNPs) was calculated to be P = 1.6 Â 10
27
. To get an unbiased estimate of the effect sizes for the most significant SNPs, we used a score test for association in family-based samples (28) , implemented in GenABEL (24 -26) . 
